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ABSTRACT

In this study, degradation of Diamine Blue 3B (DB) azo dye by Fenton oxidation process (Fe*/H,O,)
was investigated. Hydroxyapatite (HAP) was used as heterogeneous catalyst for oxidation of DB. HAP
was synthesized and characterized by Fourier transform infrared spectroscopy, scanning electron
microscopy, transmission electron microscopy and X-ray diffraction methods. The optimal conditions
for the degradation of DB were determined at pH =6.0, HAP =500 mg L, Fe**=9.8 x 10° mg L™ and H,0, =
100 mg L. The results of experiments showed that degradation of DB dye could be described with a
pseudo-second-order kinetic model. The results of thermodynamic implied that the oxidation process was
feasible, spontaneous and endothermic. The HAP was conveniently regenerated after four cycles.
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1. Introduction

Azo dyes are used in large quantities in several industries
such as textile, cosmetic, paper, drug and food processing.
They are known as the largest group of synthetic colorants
and difficult to degrade by biological treatment methods due
to their complex structure and their stability [1]. Most of dyes
are carcinogenic, harmful and reduces the light diffusion in
aqueous systems; thus causing a negative effect on photosyn-
thesis and are harmful to human health. A massive amount of
azo dyes from these sources is discharged into natural water-
ways. Azo dyes constituting 60%—-70% of all dyes produced
are extensively used in textile industry due to their chemical
stability and versatility [2].

Therefore, decolorization and detoxicity of dye effluents
have received increasing attention. Biological methods by
living organisms or fungi are ineffective to degrade dyes if
the large, chemical refractory and stable molecule of aromat-
ics compounds present in dyes, so treatment cannot be based
on biodegradation alone. The complete removal of pollutant
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from wastewater is therefore necessary and subject to wide-
spread research. Several processes have been studied to reach
partial or complete degradation of pollutant compounds such
as adsorption, coagulation, biodegradation and chemical or
photochemical degradation [3-7]. Physical methods such
as adsorption are technically easy and low cost process but
non-destructive, that is, they just transfer the pollutants from
aqueous solution to another phase rather than destroy them.
Various adsorbents such as activated carbon [8], sepiolite [9],
vermiculite [10] and carbon nanotube [11,12] were used to
remove dyes from aqueous solution. Activated carbon is the
most widely used adsorbent to remove pollutants from water
[6,13-17]. On the other hand, physical processes are expen-
sive operations [18]. Advanced oxidation processes (AOPs)
are becoming more important technologies for wastewater
treatment. Essentially, there are three main types of AOPs
depending on the type of oxidant (oxygen, ozone, and
hydrogen peroxide). The wastewater treatment by AOP with
oxygen and ozone is very expensive and usually acts under
high temperatures (200°C-325°C) and pressure (50-150 bar).
AQP based on H,0, is considered to be one of the most effec-
tive, simple and economical methods that can oxidize and
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degrade many organic compounds and synthetic dyes. AOPs
are based on the generation of very reactive species such
hydroxyl radical (*OH) that oxidize a broad range of pollut-
ants quickly and non-selectively [19-21]. Fenton process as
an important AOP technology has been attracting growing
interest. In classic Fenton chemistry, the reaction between
hydrogen peroxide and Fe? in an acidic aqueous solution
is generally recognized to produce hydroxyl radicals. In the
past few years, many catalysts such as TiO,, ZnO, WO,, SnO,,
Zr0,, CeO,, CdS and ZnS have been used for photodegra-
dation [22-24]. Catalyzed, uncatalyzed and photocatalyzed
decomposition of hydrogen peroxide produces highly reac-
tive species which can degrade a broad range of organic pol-
lutants. The generally accepted free radical chain mechanism
for the Fenton reaction is shown as follows [25,26]:

Fe*+H,0, > Fe*+*OH + OH | (1)
*OH + H,0, » H,0 + HO," @
Fe**+HO," - Fe* + H'+ O, (3)
Fe? + HO,® - Fe* + 'HO, (4)
Fe +*OH —> Fe* + OH ®)
HO,"+*OH - H,0+0O, (6)

The photocatalytic degradation of DB by nanocomposites
is reported in the literature [27,28]. Hydroxyapatite (HAP) is
one of the weak alkaline calcium phosphate which is slightly
soluble in water. HAP [(Ca (PO,),(OH)] has received consid-
erable attention due to its ion-exchange ability, adsorption
capacity, macroligand behavior and acid-base properties
[24]. HAP is widely used as an implant material in clinical
applications owing to its biocompatibility. HAP is widely
used as catalyst because it has strong adsorption ability,
surface acidity or basicity and ion-exchange ability [29-31].
Apart from the clinical applications, HAP has also been
used as a novel support for gold ruthenium catalysts and
employed in water gas shift reactions [32] and as catalyst
for dehalogenation with molecular hydrogen [33]. The use
of HAP for photocatalytic degradation of dyes was studied
[34-38]. HAP shows photocatalytic behavior for decomposi-
tion of methyl mercaptane under UV irradiation [39].

The main objective of this work is to prepare HAP and
determine the catalytic activity of HAP for degradation
of Diamine Blue 3B (DB) dye by the Fenton process. The
effect of different parameters such as amount of HAP, pH of
media, concentration of H,0,, concentration of Fe*, initial
DB dye concentration and temperature was investigated.
The kinetics and thermodynamics of oxidation were also
studied.

2. Experimental

2.1. Materials and methods

All of the reagents in the experiments were of analytical
grade (Merck) and were used without further purification.

All the experiments were conducted at room temperature.
DB 3,3'-[(3,3'-dimethyl[1,1"-biphenyl]-4,4’-diyl)bis(azo)]bis
[5-amino-4-hydroxy-2,7-naphthalenedisulfonic acid] was used
as the contaminant. It is diazo dye and has chemical formula
C,H,N.O,S, (77288 gmol'and A__ /nm =590). Fig. 1 shows
the molecular structure of DB dye.

The stock solution of 500 mg L™ of DB was prepared
and working solutions are prepared by dilution. The oxida-
tion of DB dye was achieved by Fenton’s reagent (mixture
of FeSO,7H,O and H,0,). The necessary quantities of Fe*"
and H,O, were added simultaneously in the dye solution. All
experiments were conducted in a 500 mL thermostated batch
glass reactor equipped with the magnetic stirrer. All of these
studies were done in the absence and the presence of HAP.
The kinetics of oxidation was followed by taking samples at
regular time interval. The residual concentration of the DB in
the solution at different times of sampling was determined.
The residual concentration of the dye was deducted from the
calibration curves which were produced at wavelength cor-
responding to the maximum of absorbance (590 nm) on an
UV-visible spectrophotometer apparatus (Shimadzu 160 A).
The cell used was in quartz 1 cm thickness. The discoloration
efficiency of the dye (X) with respect to its initial concentra-
tion is calculated as:

% X = ([DB],~ [DB]/[DB],) x 100 @)

where [DB], and [DB] are the initial and appropriate concen-
tration of DB dye at any reaction time ¢, respectively.

2.2. Preparation of HAP

Calcium HAP was synthesized by double decompo-
sition according to the procedure described by Rey et al.
[40] and Barka et al. [41]. A solution composed of 35.4 g of
Ca(NO,),4H,0 (Merck, Germany) in 0.5 L of distilled water
was immediately poured at room temperature into a solution
composed of 34.8 g of diammonium hydrogen phosphate
(NH,),HPO, in 1 L of distilled water. The pH of the solution
was adjusted to seven by ammonia solution. After low agi-
tation for 2 h, the suspension was briefly filtered on a large
Biichner funnel, washed with distilled water, dried at 70°C
for 48 h and sieved. HAP precipitation was prepared by the
following reaction:

10Ca(NO,), + 6(NH,),HPO, +
8NH,0H — Ca,(PO,) (OH), + 20NHNO, +6HO  (8)

S0,

CQ O
S0H g 2 HOSS

Fig. 1. The molecular structure of DB dye.
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3. Results and discussion
3.1. Characterization of HAP

The Fourier transform infrared spectroscopy (FTIR)
spectrum of HAP is shown in Fig. 2. The peak at 1,650 cm™
and the broad peak at approximately 3,450 cm™ correspond
to the water of crystallization present in the sample. The
broadband appeared at around of 1,060, 956 and 562 cm™ are
related to different modes of the PO?- group in carbonated
HAP [31,32]. The v, symmetric stretching mode of phosphate
group is observed at 956 cm™.

Fig. 3 shows the X-ray diffraction (XRD) pattern of HAP.
For HAP nanoparticles, the existence of peaks at 20 approx-
imately 20°, 23.2°, 29.3°, 32.2°, 36° and 40° corresponding to
the diffraction planes (100), (211), (210), (300), (102) and (203)
of the HAP crystallites, respectively, that confirms the for-
mation and the presence of HAP in products. The hexagonal
crystal system P63/m (a = b = 0.941, ¢ = 0.879) observed for
HAP. (These results were confirmed by pattern 86-1199.) The
average particles sizes (48-55 nm) of HAP were determined
by Deby Sherrer equation.

Fig. 4 shows the scanning electron microscopy (SEM)
results of HAP. Fig. 4(a) shows the agglomeration of HAP
powders. Energy-dispersive X-ray analysis was also mea-
sured to determine the chemical composition of sample. Fig.
4(b) also shows the EDX of HAP. Result from Fig. 4(b) demon-
strated that the sample contained only Ca, P and O for HAP.
The results of EDX also showed the ratio of Ca/P was 1.67.
Transmission electron microscopy (TEM) micrograph of HAP
powder was shown in Figs. 5(a) and (b). It was observed the
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Fig. 2. FTIR spectrum of HAP.
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Fig. 3. XRD pattern of HAP.
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crystal structure of pure HAP vision as rod-like shape with a
typical size of 70-100 nm in length and about 50 nm in width.

3.2. Oxidation of DB

The catalytic Fenton oxidation studies were carried out
using DB as a probe molecule.

3.2.1. Effect of the amount of H,0,

H,O, plays a very important role as a source of *OH gen-
eration in the Fenton reaction. The selection of an optimum
H,O, concentration for degradation of dyes by Fenton’s and
photo-Fenton’s reagent is important from a practical point of
view (due to the cost of H,0,). The effect of variation of the
amount of H,O, on degradation of DB dye has been investi-
gated in the range from 0.0 to 150 mg L. It was discovered
that if only Fe* were added in the solution instead of H,O,,
DB did not show decomposition. Effect of H,O, dosage on
the oxidation of DB is shown in Fig. 6. In the absence of H,0,,
the rate of oxidation was very slow and the percentage of

CA
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Fig. 4. (a) SEM micrograph and (b) EDX of HAP nanoparticles.
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Fig. 5. TEM micrograph of HAP nanoparticles.
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Fig. 6. Effect of H,0, dosage on the catalytic Fenton oxidation of
DB (H,O,:a=0,b=10, c=20,d =30, e=50, f=100 and g =150 mg
L) (DB5mgL™, pH 6, Fe* 5 x 10° mg L™, HAP 100 mg L, 25°C).

oxidation of dye was low. With increasing the concentration
of H,O,, oxidation of DB dye was increased and H,O, 100
mg L7 had the highest DB removal. The increasing concen-
tration of more than 100 mg L™ of H,0, did not cause higher
DB removal.

3.2.2. Effect of initial pH

The pH of solution is an important operating parameter
affecting on degradation of DB efficiency in AOP. The effect
of pH on the degradation of DB has been investigated in pH
range 2-10 by adding HCl or NaOH. The effect of initial pH
value of solutions on the decolorization of DB by the Fenton
oxidation process was shown in Fig. 7. The results indicated
that the decolorization of DB was significantly influenced
by pH of the solution, and the highest decolorization effi-
ciency was obtained at pH 6.0. The lower efficiency at higher
pH values may be due to the precipitation of Fe(OH), and

% Remowal
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Fig. 7. Effect of pH on DB removal by oxidation Fenton’s process
in the presence of HAP (DB 5 mg L, Fe** 5 x 10° mg L, H,0, 50
mg L7, HAP 100 mg L™, 25°C).

therefore, reduces the Fe ions. From Fig. 7, it was observed
with an increase in pH range from 2 to 6, the rate of reac-
tion increases and after attaining the maximum value at pH
6.0, the rate decreases with further increase in pH. It affects
directly on the mechanism of oxidation of DB dye, because a
change in pH of solution involves a variation of the concen-
tration of Fe*', and therefore the rate of production of OH rad-
icals responsible for oxidation of dyes, will be restricted [42].

3.2.3. Effect of Fe** dosage

To study the effect of Fe** dosage on the decolorization
of DB by Fenton oxidation, a series of experiments were con-
ducted with different initial concentrations which ranged
from 1.4 x 10 to 9.80 x 10° mg L. The results indicated that
the decolorization efficiency of DB increased with increasing
the initial concentration of Fe* in the solution. It can be seen
that the decolorization was limited at 1.4 x 10° mg L™ of Fe?,
and only 65% of DB was degraded within 10 min of reaction.
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In the presence of higher values of Fe?, a great improvement
of the decolorization of DB could be observed, and the decol-
orization efficiency within 10 min of reaction was reached
to 98.4%. The fact that higher decolorization efficiency was
achieved at high Fe*" dosages was mainly attributable to the
higher production of *OH with more Fe?" in the Fenton reac-
tion. The lower degradation capacity of Fe** at small concen-
tration is probably due to the lowest *OH radicals” produc-
tion a variable for oxidation [42-44]. Effect of Fe*" dosage on
the oxidation of DB is shown in Fig. 8.

3.2.4. Effect of HAP catalyst

The effect of variation of amount of HAP catalyst on the
rate of degradation of DB has been studied in the range from
0 to 500 mg. Effect of mass of HAP catalyst on the Fenton oxi-
dation of DB is shown in Fig. 9. An increase in the amount of
HAP catalyst to a certain level (500 mg), the rate of degrada-
tion increases, which may be regarded as a saturation point.
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Fig. 8. Effect of Fe** (mg L") dosage (x107) on the catalytic Fenton
oxidation of DB (DB 5 mg L™, pH 6, H,O, 50 mg L™, HAP 100 mg
L, 25°C).
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Fig. 9. Effect of HAP amount (mg L™) on the catalytic Fenton
oxidation of DB (DB 5 mg L™, pH 6, H,0, 50 mg L, Fe*" 9.8 x 10
mg L7, 25°C).
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This may be due to an increase in the amount of catalyst; the
surface area of catalyst will increase. Additionally, HAP may
helps Fe* ions to attack H,O, and produces hydroxyl radi-
cals, and hence the rate of degradation and oxidation of DB
dye also increases. The oxidation process of DB by Fenton
oxidation process in the presence of HAP catalyst is shown
in Fig. 10.

Fig. 11 also shows the UV-visible absorbance of oxidation
of DB at different time interval of A-Fenton oxidation and
B-HAP catalytic Fenton oxidation. These results confirmed
catalytic effect of HAP for oxidation of DB.

3.2.5. Effect of temperature

The effect of temperature on DB degradation was inves-
tigated at 25°C-55°C. It can be seen from Fig. 12 that increas-
ing temperature had a positive effect on the DB degradation.
The efficiency of DB removal was increased from 78% to
98.0% when the temperature increased from 25°C to 55°C.
Temperature had effect on the reaction between H,O, and
Fe?. This can be explained by the fact that Fenton’s reac-
tion could be accelerated by raising the temperature which
improved the generation rate of °OH and therefore enhanc-
ing the decolorization of DB [45,46].

10Ca(NOs), + 6(NH,),HPO, + 8 NH;OH——» Cal0(PO,)4(OH), +20NH,NO; +6 H,0

FeIII

Degradation products Fell

Fig. 10. Fenton oxidation process of DB by HAP catalyst.
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Fig. 11. UV-visible absorption spectra of DB at different time

interval of A-Fenton oxidation from 0 to 240 min (4-h) and B-HA
catalytic Fenton oxidation from 0 to 120 min (a-F).
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3.2.6. Effect of initial concentration of DB dye

Initial concentration of dye is an important parameter
in practical application. The effect of initial DB dye con-
centrations 4-14 mg L on efficiencies of oxidation process
was evaluated. As shown in Fig. 13, the degradation of DB
efficiency gradually decreased with an increase in the initial
concentration. This is due to non-availability of sufficient
number of hydroxyl radicals. The presumed reason is that
when the initial concentration of DB is increased, the "OH
concentration is not increased correspondingly.

3.2.8. Effect of NaCl and Na,SO, salts on Fenton effectiveness

Salts (specifically, sodium chloride and sodium sulfate)
are important in using many types of dyes, and they coexist
with dyes in the effluent, a fact which could affect the treat-
ment of wastewater [35]. In the presence of inorganic ions,
the rate for the reaction of H,O, with ferrous ion is different.
CI- and SO?- are commonly coexisting anions with dyes in
wastewater; therefore, the effect of Cl-and SO}~ ions on DB
removal by Fenton process was investigated. It was found
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Fig. 12. Effect of temperature (DB 5 mg L, 5 pH 6, H,0, 50 mg
L, Fe* 9.8 x 10° mg L', HAP 500 mg L™).
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Fig. 13. Effect of concentration of DB dye (mg L™) (pH 6, H,O, 100
mg L7, Fe** 9.8 x 10° mg L™, HAP 500 mg L™).

that the presence of NaCl and Na,SO, at the concentration
range of 0-100 mg L™ did not have a significant effect on
removing DB (Fig. 14).

3.3. Kinetic experiments

First-order and second-order kinetic models were used to
study the decolorization of DB by the Fenton oxidation pro-
cess. The individual expression was presented as equations
given below: first-order reaction kinetics [46]:

—d[Cpy /dt =k C, )
Therefore, Eq. (9) was altered to:

InC __ /InC

(DB) (DB), = _klt (10)
where C, and C_, are initial concentration of DB and
concentration of DB at the any time. A plot of InC,, vs. time
generated a straight line with a negative slope. The slope of this
line corresponds to the apparent rate constant (k) value for the
degradation of the organic target compound. Rate law of the
second-order reaction can be written as follow [47]:
IC )] - 1/[C(DB)U] =kt (11)

The plot of 1/[C] against t shows the rate constant (k,)
of second-order Fenton reaction. The correlation coefficient
value and rate constant for second-order model (R*=0.981 and
k,=2.91 x 10™") are mostly higher than those of the first-order
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Fig. 14. Effect of NaCl and Na,SO, on Fenton oxidation of DB.
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Fig. 15. (a) First-order and (b) second-order reaction kinetics for
degradation of DB by Fenton’s oxidation (Fe**9.8 mg L7, H,0O
100 mg L™ and pH 6.0).

2

(R*= 0.8714 and k,= 1.76 x 107); therefore, second-order
kinetic model is the best model to describe the decolorization
of DB by the Fenton'’s process [47]. Fig. 15 shows the plot of
first-order and second-order Fenton reaction.

3.4. Thermodynamic of Fenton reaction

Thermodynamic parameters including Gibbs free energy
change (AG®), standard enthalpy change (AH®) and standard
entropy change (AS°) are the parameters to better under-
stand the temperature effect on degradation of DB dye was
studied. Gibbs free energy by using equilibrium constant K
is calculated:

C

AG®=-RTLnK_ 12)
K values calculated from the following formula:
KC= C(Ae)/ C(Se) (13)

where C,  is amount of degradation dye at equilibrium and
C sy €quilibrium concentration of dye at the solution.

Table 1
Thermodynamic parameters for Fenton oxidation of DB
T (K) K. AG® AS° AH°
(kJ mol™) (J mol' K™) (kJ mol™)
298 8.70 -5.363 261.08 -7.219
308 24.14 -8.153
318 40.06 -9.756
328 188.3 -14.290

Standard enthalpy change (AH°) and standard entropy
change (AS®) are as van "t Hoff equation:
LnK_.=-AH°/RT + AS°/R (14)

In this equation, R is the gas constant equal to the public
(8.314 ] mol* K). The amount of degradation dye at equilib-
rium and different temperatures 25°C-55°C have been exam-
ined to obtain thermodynamic parameters for Fenton oxida-
tion of reaction of DB. AH® and AS°® were calculated the slope
and intercept of van "t Hoff plots of InK . vs. 1/T. The results of
thermodynamic parameters are given in Table 1. As observed
in Table 1, negative value of AG® at different temperatures
(25°C-55°C) shows the oxidation process is spontaneous. The

AH° negative value indicates that the uptake is exothermic
[48,49] (Table 1).

3.5. Stability and recycling of the catalyst

For a practical application of a heterogeneous catalytic
system, it is crucial to evaluate the stability of the cata-
lysts. The investigations on the reusability of the HAP were
examined. The physically regeneration of HAP was done
by calcination of HAP adsorbed DB at 200°C for 3 h. The
regeneration cycles were carried out 2, 4, 6 and 8 times.
The regenerated HAP was reused for the catalytic oxi-
dation experiments. The results were shown the value of
cycles respond to the catalytic capacity of the original HAP.
The catalytic capacity of the HAP did not have significant
decrease after four cycles. Generally, the catalytic capacity
of the HAP decreases as the number of regeneration cycle
increases from 4 to 8.

4. Conclusion

Nanoparticles of HAP were successfully prepared
through a simple and economical precipitation method. The
structure of HAP was confirmed by FTIR, XRD, SEM and
TEM analyses. The activity of HAP for Fenton catalytic oxi-
dation of DB was studied. The oxidation of DB at different
conditions was investigated. The results showed the highest
oxidation efficiency of DB at pH 6, hydrogen peroxide 100
mg L, iron(II) sulfate 9.8 x 10°* mg L' and HAP 500 mg L
was obtained. The catalytic degradation of DB by HA was
fivefold higher than the uncatalyst HAP of Fenton oxidation.
The rate of oxidation of DB dye follows second-order kinet-
ics and rate constant 2.91 x 10 mg L™ min™'. The method is
applied successfully and spontaneously to degrade wastewa-
ter containing reactive azo dyes.
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